Conifer stomata provide important paleoecological information for determining the composition 10 of past plant communities, particularly at the local scale and when plant macrofossils are absent. 11
Introduction 32
The identification of fossil conifer stomata on pollen slides provides useful paleoecological 33 information for reconstructing past vegetation dynamics (MacDonald, 2001 ). Due to differential 34 pollen production, dispersal and preservation, pollen analysis alone can be insufficient for 35 determining the composition of past plant communities, particularly at the local scale if pollen 36 production is low (Birks and Birks, 2000) . Compared to widely dispersed pollen, conifer needles 37 are typically transported only short distances from their source (e.g., Dunwiddie et al., 1987; 38 Parshall, 1999) and thus their presence in peat and lake sediments usually indicates the local 39 presence of conifers. Stomata are liberated from conifer needles during fragmentation and 40 decomposition and their lignified cells are resistant to decay and standard chemical treatments 41 used in pollen analysis. Thus, conifer stomata that are present in pollen samples, as isolated 42 microfossils and in fragments of epidermal tissue, provide evidence of local conifer presence, 43 making them an excellent complement to pollen-based paleoecological studies. 44
45
Conifer stomata can also provide greater taxonomic precision than pollen in some cases (Yu, 46 1997; Lacourse et al., 2012) and have proven useful in estimating the arrival times of conifers 47 (e.g., Hansen, 1995; Hansen and Engstrom, 1996; Froyd, 2005; Lacourse et al., 2005 Lacourse et al., , 2012 . 48
Using fossil stomata, a number of studies have shown that conifers were present locally hundreds 49 to thousands of years in advance of increases in conifer pollen that would typically be used to 50 infer local presence as opposed to regional population expansion or long-distance pollen 51 transport (e.g., Clayden et al., 1997; Parshall, 1999; Froyd, 2005; Lacourse et al., 2012; Edwards 52 et al., 2015) . Conifer stomata have also been especially valuable in helping to reconstruct 53 vegetation changes at tree line (e.g., Hansen et al., 1996; Pisaric et al., 2003; Wick, 2000; 54 Gervais et al., 2002; Finsinger and Tinner, 2007; Magyari et al., 2012; Li and Li, 2015) . 55
However, Leitner and Gajewski (2004) appropriately suggest caution in the interpretation of 56 fossil stomata records, noting that Clayden et al. (1996) and Pisaric et al. (2001) found conifer 57 stomata in modern sediments at lakes situated beyond latitudinal tree line. In both of these 58 studies, the stomata are likely the result of redeposition of older material from eroding peat 59 deposits surrounding the lakes. 60
The identification keys presented here are designed for identifying stomata from mature needles. 92
Others have shown that stomatal morphology and frequency can vary with leaf ontogeny (e.g., 93
Owens, 1968; Kouwenberg et al., 2004) ; however, because immature needles are generally 94 smaller and more fragile, their stomata are less likely to be encountered in pollen samples than 95 those from mature needles. As with all identification keys built on modern material, using the 96 keys to identify fossil stomata relies on the assumption that stomatal morphology has been 97 conserved through time. This is a reasonable assumption for late Quaternary fossils, particularly 98 in relation to the long generation times of conifers. 99
Results and Discussion 157

Morphology of Conifer Stomata 158
The gross morphology of stomata including the overall shape of the UWL, and lateral sides and 159 polar ends of the GC are consistent within each of the 19 conifer species. LWL are present in all 160 species except Taxus brevifolia, Chamaecyparis nootkatensis, and Thuja plicata, which are 161 instead characterized by the presence of four or more raised subsidiary cells that form a Florin 162 ring around the guard cells. However, there is large variability within species and extensive 163 overlap between species in all measured morphological traits (Table 1) , precluding the use of 164 mean values for stomata identification. At the level of individual stomata, the length and width 165 of the UWL are positively correlated (r = 0.76, p<0.001). As would be expected, UWL width 166 and GC width are also positively correlated (r = 0.80, p<0.001); on average, the width of the 167 UWL is 2.6´ the width of one guard cell. In general, the smallest stomata belong to Larix 168 occidentalis, T. brevifolia, and members of the Cupressaceae family, and the largest stomata 169 belong to Pinus spp. and Picea spp. Our results are in general agreement with previous studies 170 (Hansen, 1995; Yu, 1997; Sweeney, 2004) . We note important differences compared to these 171 studies in morphological descriptions for each genus below. 172 173 Abies. Abies amabilis, A. grandis (Plate I, 1), and A. lasiocarpa stomata are rectangular in 174 outline with guard cells that have relatively straight lateral sides and angular polar ends. LWL 175 are 5-10 µm longer than the UWL, making the LWL readily discernible. On average, UWL in 176
Abies stomata are 33 µm long and 25 µm wide, and the polar stem is 3 µm wide (Table 1) . 177
Stomata of the three Abies species are comparable in size and shape to those of Abies alba 178 (Sweeney, 2004) , but somewhat larger than A. balsamea (Hansen, 1995) (Trautmann, 1953) , L. sibirica (Sweeney, 2004; 194 Clayden et al., 1996) , and L. laricina, although the UWL in L. occidentalis are, on average, 195 shorter than in the other three species of Larix. Hansen (1995) Picea stomata are relatively wide (~4-6 µm). Hansen (1995) reports similar morphology for P. 209 glauca stomata. On average, stomata are longer and wider in our P. mariana specimens 210 compared to those in Hansen (1995) , although there is overlap between our studies for both 211 dimensions. The stomata of North American spruces are comparable to Picea abies (Sweeney, 212 2004) as well as spruce species in northwestern China (Wan et al., 2007) . Picea stomata are 213 similar in size and shape to Tsuga stomata; however, Picea stomata tend to be somewhat larger 214 (Table 1) and are consistently more oval. In surface view, the UWL of Picea stomata appearalmost completely attached or flush with the polar stem (Plate I, 12) due to a small angle of 216 attachment (this study; Hansen, 1995; Sweeney, 2004) , which is not the case in Tsuga, which has 217 UWL that are clearly separated from the polar stem (Plate I, 10 and 11) due to a more obtuse 218 angle of attachment. 219
Pinus. Pine stomata are rectangular in outline with UWL that are, on average, 42 µm long and 221 30 µm wide. LWL are 5-10 µm longer than the UWL and therefore clearly visible (Plate I, 6), 222 and polar stems are 4-8 µm wide. The border of the medial lamellae often appears thickened in 223
Pinus stomata and was up to 6 µm wide in our specimens. A wide medial lamellae border has 224 also been noted in other pine species (Trautman, 1953; Sweeney, 2004; Álvarez et al., 2014) . 225
Based on our results, the stomata of Pinus albicaulis, P. contorta var. contorta, P. monticola and 226 P. ponderosa are more or less indistinguishable, and the stomata of diploxylon pines (P. contorta 227 var. contorta, P. ponderosa) cannot be differentiated from those of haploxylon pines (P. 228 albicaulis, P. monticola). In general, the morphological characteristics of the four Pinus species 229 are similar to those of a number of other pine species (Sweeney, 2004; Wan et al., 2007 Wan et al., , Álvarez 230 et al., 2014 , including Pinus banksiana (Hansen, 1995) , which is found east of the Rocky 231
Mountains in North America. Hansen (1995) reports longer UWL in Pinus contorta var. 232 murrayana (44-63 µm) compared to our P. contorta var. contorta specimens (34-50 µm; Table  233 1). 234 Pseudotsuga. Pseudotsuga menziesii stomata (Plate I, 3) are rectangular in outline and most 236 UWL are 27-33 µm long and 20-26 µm wide. LWL are typically 4-5 µm longer than the UWL. 237 Polar stems are broad (4-6 µm), particularly in relation to the overall size of the stomata. 238
Pseudotsuga stomata are similar in overall morphology to Pinus stomata, but the UWL and LWL 239 are consistently shorter than in Pinus spp. and the border of the medial lamellae is rarely >3 µm 240 wide, allowing these two stomata types to be differentiated. Pseudotsuga stomata are similar in 241 size and shape to those of L. occidentalis and Abies spp., but can be differentiated from those 242 taxa, in most cases, based on a wider polar stem. LWL are also shorter in P. menziesii than in 243
Abies species, and Pseudotsuga stomata are usually more robust in overall appearance compared 244 to the thin, delicate stomata of Larix (this study; Trautmann, 1953; Hansen, 1995 Tsuga stomata had UWL <30 µm long and <22 µm wide, both of which were T. heterophylla. 253
Polar stems are typically 3-4 µm wide and though significantly wider in T. heterophylla than T. 254 mertensiana (t = 7.52, p<0.0001), the difference in stem width is only 1.4 µm, on average ( Table  255 1), which is insufficient for consistently differentiating the two Tsuga species. with those of Hansen (1995) , in terms of UWL size and shape, relative length of the LWL, and 267 width of the polar stem. However, the stomata of the three T. heterophylla individuals we 268 examined bear little resemblance to the stomata of the one T. heterophylla individual described 269
by Hansen (1995) . There is overlap in the morphological measurements for T. heterophylla 270 between our two studies, but in general, our T. heterophylla specimens have somewhat longer 271 and narrower UWL, making them more similar to T. mertensiana in size and shape. Also, 272
Hansen (1995) reports a stem width of 8 µm for T. heterophylla, which is substantially wider 273 than in our T. heterophylla specimens. Furthermore, Hansen (1995) to seven subsidiary cells, 4% had eight cells, and 2% had four cells. In the remaining 40%, the 290 cell walls between adjacent subsidiary cells were poorly defined, making the Florin ring appear 291 as one large more or less continuous ring. Hansen (1995) reports that the stomatal complex in C. 292 nootkatensis has 6-10 subsidiary cells, but 22% of our specimens had four or five cells and none 293 had more than eight. 294
295
Thuja plicata stomata (Plate I, 7 and 8) are circular to oval in outline and are among the smallest 296 of any conifer. UWL are 26 µm long and 22 µm wide, on average, and polar stems are typically 297 2-3 µm wide (Table 1) . Hansen (1995) and Yu (1997) 
report similar values for T. plicata and 298
Thuja occidentalis. A Florin ring typically consisting of five to eight lignified subsidiary cells 299 similar in morphology to that of C. nootkatensis is present. Of the 90 Thuja stomata we 300 examined, 66% had five to seven subsidiary cells, 9% had eight cells, and 2% had either four or 301 nine cells. In 23%, the cell walls between adjacent cells were poorly defined. Hansen (1995) 302 reports that Thuja stomata have four to six subsidiary cells, but approximately one-third (29%) of 303 our specimens had seven to nine cells. 304
305
We found that C. nootkatensis stomata cannot be differentiated from those of T. plicata in many 306 instances due to overlapping morphologies. The UWL of Thuja stomata are shorter on average, 307 although not more narrow (Table 1) , making Thuja stomata somewhat more circular in outlinecompared to Chamaecyparis. Hansen (1995) differentiates Chamaecyparis from Thuja based on 309 a higher number of lignified subsidiary cells and longer mean UWL length, but our results do not 310 support this distinction. In our specimens, C. nootkatensis and T. plicata have more or less the 311 same number of subsidiary cells and the length of the UWL overlaps greatly (Table 1) The genus-level classification tree ( Fig. 2A) is successful in classifying stomata accurately: the 369 misclassification rate is only 8.1% and cross-validation error is 10.7%. At the genus-level,morphology is relatively stable and sufficiently unique to permit identification to genus in most 371 instances. Classification accuracies for individual genera are generally high: the genus-level tree 372 classifies all genera, with the exception of Larix and Pseudotsuga, with greater than 89% 373 accuracy (Table 2A) . About 47% of Larix stomata and 20% of Pseudotsuga stomata are 374 misclassified as belonging to Abies, reflecting the similar morphology of these taxa. As with the 375 species-level CART, this genus-level model begins by separating genera with LWL that are 376 much longer than the UWL from those lacking this trait, and then uses stem width and the 377 presence of subsidiary cells as secondary criteria (Fig. 2A) . Subsequent branches classify 378 stomata based primarily on the size and shape of the UWL and the type of subsidiary cells. The 379 morphological criteria identified by CART as important in classifying stomata to genus are 380 similar to those identified by random forest analysis (Supplementary Table 3) , with relative LWL 381 length, stem width, and subsidiary cell type ranked as the three most important traits for 382 distinguishing conifer stomata. 383
384
To aid in the identification of incomplete stomata, a genus-level classification tree that excluded 385 the presence/type of subsidiary cells and relative LWL length as model inputs was built (Fig.  386   2B ). This classification model performs reasonably well: total misclassification is 15.6% and 387 cross-validation error is 18.4%. Most genera are classified with 70 to 100% accuracy, but 388 classification accuracy is relatively low for Larix and Pseudotsuga, with 53% and 35%, 389 respectively, misclassified as Abies (Table 2B ). Because this model was built without 390 information on subsidiary cells and relative LWL length, it has a fundamentally different 391 structure: it begins by separating genera based on UWL shape (i.e., oval to circular or 392 rectangular) and then uses UWL length and stem width as secondary criteria (Fig. 2B) 
Stomata Identification Keys 398
We used the two genus-level classification trees (Fig. 2) to provide the backbone for two 399 dichotomous identification keys -one that is suited for identifying stomata that are complete 400 (Key A) and another that is designed for identifying stomata that lack LWL and subsidiary cells(Key B). Classification trees use splits that are based on a single variable at each node, but we 402 have also included additional morphological criteria (e.g., surrogate splitting variables identified 403 by CART analyses) in the identification keys. Furthermore, classification trees are built to 404 categorize the exact cases that are used as model input (i.e., individual stomata in this case) and 405 therefore classification trees cannot consider all potential cases. Thus, although the overall 406 structures of our identification keys mirror the structure of the classification trees, our keys are 407 more conservative in some instances, in order to reflect the overlapping morphological 408 variability present in conifer stomata. For example, Abies and Larix stomata are grouped together 409 in both identification keys, as are Thuja and Chamaecyparis, to reflect the fact that the stomata 410 of these genera were indistinguishable in many cases. We provide morphological criteria for 411 separating these genera, where possible, as footnotes to each key. Tsuga appears twice in Key A 412 because both LWL and subsidiary cells were present in our Tsuga specimens. 413
414
Our CART-based stomata identification keys share much in common, in terms of important 415 morphological criteria and overall structure, with other identification keys (Trautmann, 1953; 416 Hansen, 1995; Sweeney, 2004) . As in our identification key for complete stomata (Key A), 417
Hansen's (1995) key for North American conifers begins by separating stomata based on 418 whether LWL are readily discernible or whether lignified subsidiary cells are present. This is 419 followed first by relative LWL length and stem width, and then by UWL length and shape to 420 further separate stomata types. Our morphological measurements, classification trees and random 421 forests results confirm these to be important morphological criteria. One noteworthy difference is 422
Hansen's (1995) use of the angle at which the polar stem meets the UWL to help distinguish 423
Pinus from Abies and Larix laricina from Tsuga mertensiana, respectively. We did not find 424 consistent differences in this angle between most species, and it only appears once in our key, as 425 one of four morphological criteria to differentiate Picea and Tsuga stomata. Sweeney's (2004) 426 key for European conifers uses similar dichotomies and morphological criteria as in our key and 427 in Hansen (1995), although ratios of various dimensions are used in place of absolute size in 428 some instances. 429
Fossil stomata are often incomplete with subsidiary cells and lower woody lamellae only 431 partially preserved or entirely missing. The classification tree for this situation (Fig. 2B ) is fairlysuccessful with a misclassification rate of only 15.6%. The identification key for incomplete 433 stomata (Key B) is inherently more subjective than the key for complete stomata (Key A) 434 because the primary dichotomy is based on the overall shape of the UWL, i.e., whether stomata 435 are oval to circular or rectangular. In some instances, it can be difficult to assess stomatal shape 436 on pollen slides, e.g., if stomata are not lying perfectly flat or are partially obscured, or if the two 437 halves are asymmetrical. Given this as well as the large intraspecific variability and degree of 438 interspecific overlap in the morphology of conifer stomata ( 
Conclusions 445
Based on our research, species-level identification of conifer stomata is generally not possible; 446 morphological variability within species and the degree of overlap among species precludes 447 reliable identification to the species level. However, stomatal morphology is relatively consistent 448 within genera and sufficiently unique to permit identification to genus. CART analyses provide 449 robust multi-trait classification models for distinguishing the stomata of conifer genera in 450 western North America in most cases. Because both categorical and continuous variables can be 451 included, CART analysis offers a particularly useful statistical approach for identifying 452 important morphological criteria and the resulting classification trees can be easily adapted into 453 dichotomous identification keys. The morphological descriptions and identification keys 454 presented here expand on previous efforts to differentiate conifer stomata in pollen samples, by 455 including more species and more individuals per species. Accordingly, morphological variability 456 within species and genera is better represented than in previous studies based on stomata from 457 only one individual per species. However, in order to confirm the limits of taxonomic 458 differentiation, further study of stomatal morphology with larger sample sizes is needed, 459 especially in taxa such as Pinus and Picea that have large morphological variability. 460
461
The stomata identification keys presented here should aid efforts to differentiate conifer stomata 462 in fossil pollen samples from western North America. In turn, this should strengthenpaleoecological records from the region by providing evidence of local conifer presence and, in 464 some instances, by increasing taxonomic resolution. The identification keys should be used in 465 conjunction with stomata reference material, particularly for visual calibration of subtle 466 differences in shape and subsidiary cell morphology. Given the morphological variability that is 467 present within species and the degree of morphological overlap among species, stomata 468 reference collections should include material from more than one individual per species. 469
Stomatal frequency has been shown to vary spatially and temporally across climatic gradients 470 (Kouwenberg et al., 2003) , but whether overall morphology also varies geographically requires 471 further study. To account for any potential regional intraspecific differences in morphology, 472 reference collections should also include individuals from across species ranges. Since the 473 stomatal morphology of congeneric conifers is similar and our morphological measurements and 474 identification keys are in overall agreement with studies from other regions (Trautmann, 1953; 475 Hansen, 1995; Yu, 1997; Sweeney, 2004) , the identification keys presented here may also be 476 helpful outside of western North America. However, in that instance, we recommend testing the 477 identification keys against known local reference material prior to using them in paleoecological 478 studies. Table 1 : Summary of the morphological measurements of the stomata of each conifer species. N 634 = number of stomata/species. 635 Table 2 : Classification accuracies (%) for classification trees (Fig. 2) that form the bases for the 637 conifer stomata identification keys. 638 
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Supplementary Material 667
Supplementary Table 1: Details on voucher specimens used for morphometry of conifer stomata 668 in this study. 669
Supplementary Table 2: Classification accuracies (%) for the species-level classification tree 671 (Supplementary Fig. 1 ). Species abbreviations consist of the first two letters of the genus and the 672 first two letters of the specific epithet e.g., ABAM = Abies amabilis. Refer to Table 2 Table 2 : Classification accuracies (%) for classification trees (Fig. 2) that form the bases for the conifer stomata identification keys.
A. Genus-level CART (Fig. 2A) 
B. Genus-level CART with LWL and SC data excluded (Fig. 2B) 2a. Lower woody lamellae ~5-10 µm longer than upper woody lamellae and clearly visible at polar ends and beyond lateral sides of guard cells (Fig. 1B ) ……………………………………………………………………3 2b. Lower woody lamellae similar in size to upper woody lamellae and barely visible in surface view (Fig. 1A) . Supplementary Fig. 1 ). Species abbreviations consist of the first two letters of the genus and the first two letters of the specific epithet e.g., ABAM = Abies amabilis. Refer to Table 2 Supp. Figure 1 : Species-level classi cation tree for conifer stomata in western North America. Terminal nodes indicate species classi cation. Species abbreviations at terminal nodes consist of the rst two letters of the genus and the rst two letters of the speci c epithet e.g., LAOC = Larix occidentalis. TSHEsc/TSMEsc refer to Tsuga heterophylla/Tsuga mertensiana with non-ligni ed lateral subsidiary cells. Refer to Table 2 of the main text for a complete list of species. Note that this tree has high misclassi cation (38.3%) and cross-validation errors (53.3%). Abies lasiocarpa, Juniperus scopulorum, Picea glauca, and Pinus contorta var. contorta lack terminal nodes because all stomata of these species are misclassi ed (see Supp. Table 2 ). All measured traits are in µm. See Section 3.1 (Taxus) of the main text for description of Type 1 Florin ring. LWL = lower woody lamellae; UWL = upper woody lamellae.
